Abekawa N, Gomi H. Spatial coincidence of intentional actions modulates an implicit visuomotor control. . We investigated a visuomotor mechanism contributing to reach correction: the manual following response (MFR), which is a quick response to background visual motion that frequently occurs as a reafference when the body moves. Although several visual specificities of the MFR have been elucidated, the functional and computational mechanisms of its motor coordination remain unclear mainly because it involves complex relationships among gaze, reaching target, and visual stimuli. To directly explore how these factors interact in the MFR, we assessed the impact of spatial coincidences among gaze, arm reaching, and visual motion on the MFR. When gaze location was displaced from the reaching target with an identical visual motion kept on the retina, the amplitude of the MFR significantly decreased as displacement increased. A factorial manipulation of gaze, reaching-target, and visual motion locations showed that the response decrease is due to the spatial separation between gaze and reaching target but is not due to the spatial separation between visual motion and reaching target. Additionally, elimination of visual motion around the fovea attenuated the MFR. The effects of these spatial coincidences on the MFR are completely different from their effects on the perceptual mislocalization of targets caused by visual motion. Furthermore, we found clear differences between the modulation sensitivities of the MFR and the ocular following response to spatial mismatch between gaze and reaching locations. These results suggest that the MFR modulation observed in our experiment is not due to changes in visual interaction between target and visual motion or to modulation of motion sensitivity in early visual processing. Instead the motor command of the MFR appears to be modulated by the spatial relationship between gaze and reaching.
I N T R O D U C T I O N
When we move our arm in three-dimensional spaces to interact with objects, we need to consider the gaze and hand location, body orientation, and environmental structure. Previous motor control studies have suggested that sequential transformations from the retina to the motor command are required to bring the hand to a target, implying a relatively slow operation of voluntary arm control.
During ongoing reaching movement, however, quick motor responses occur following changes in target location (Day and Lyon 2000; Goodale et al. 1986; Gritsenko et al. 2009; Pelisson et al. 1986; Prablanc and Martin 1992 ), suggesting a real-time update of target representation in the brain for on-line arm control (Desmurget et al. 1999) . Such quick manual responses are not restricted to the case of target shifts. Sudden background visual motion evokes a quick and unintentional manual response (Brenner and Smeets 1997; Gomi et al. 2006; Saijo et al. 2005; Whitney et al. 2003 Whitney et al. , 2007 , which we call the manual following response (MFR) . The MFR appears to be driven by arm muscle responses rather than by a passive reaction to the torso or neck response (Saijo et al. 2005) and is elicited toward the direction of visual motion with ultra-short latency that is proportional to the logarithmic speed of the visual motion (Gomi et al. 2006) . Additionally, the MFR is clearly induced in the direction of visual motion regardless of the continuous presentation of target during reaching (Kadota and Gomi 2010) .
To purely examine the visually induced arm response, in these studies, a sudden visual motion was applied during arm reaching in a sitting condition with the participant's head supported. Therefore the visual motion effect acted as a disturbance rather than as an assistance for compensation. However, whenever the body moves during a reaching movement in natural situations, the arm has to be adjusted in the direction of motion of the visual surround, especially when the person is looking at the reaching target. The MFR may function to quickly coordinate arm motor commands in such cases (Gomi 2008) because slow or sustained adjustments can be overlaid by volitional control as previously demonstrated (Saijo et al. 2005) . When body motion and the resultant visual motion occur around the middle or late phase of the reaching, the MFR is effective for adjusting the reaching behavior because the volitional correction is not fast enough.
Two alternative hypotheses have been proposed to explain the motor coordination of the quick response to background motion. According to one view, the MFR merely reflects a shift in the brain's encoding of target location (Brenner and Smeets 1997; Whitney et al. 2003) and is therefore analogous to the perceptual shift of object location caused by visual motion (De Valois and De Valois 1991; Durant and Johnston 2004; Murakami and Shimojo 1993; Nishida and Johnston 1999; Ramachandran 1987; Whitney and Cavanagh 2000) . Crucially, if the MFR is an automatic adjustment triggered by target mislocalization in the same manner as the perceptual mislocalization, the MFR would decrease concomitantly with distance between visual motion and the reaching target as observed for perceptual mislocalization induced by background motion (Durant and Johnston 2004) .
According to the other view, the MFR reflects the operation of a distinct visuomotor pathway and is independent of visual motion effects on target coding (Gomi 2008) . This view is supported by the induction of the MFR when visual motion is confined to the posttarget "follow-through" phase of hitting movements (Saijo et al. 2005) . Even though the pathway for MFR generation actually seems to be simple because of the short latency from visual input to motor output, we would expect some modulation according to behavioral and environmental contexts if the MFR is functional in reaching movements. For instance, if gaze location is far from the reaching target, the MFR could be reduced because of the weak contextual relationship between visual information and reaching behavior. Contrarily, if the MFR is not functional for adjusting the manual reaching and is merely elicited by a simple reflexive visuomotor pathway, it will not be modulated by manipulation of the spatial relationships among gaze, reaching target, and background visual motion.
To examine these possibilities, we evaluated here the effects of spatial separation among gaze, reaching target, and visual motion locations on both the MFR and the perceptual location of a target. The results show that the MFR significantly decreased with distance between the reaching-target and gaze locations but that the MFR was not significantly affected by the spatial separation between the reaching target and visual motion. Interestingly, both of the trends for the effects of these spatial relationships on the MFR are completely different from their trends on perceptual mislocalization. Furthermore we explored the modulation of the ocular following response (OFR) (Gellman et al. 1990; Kawano and Miles 1986; Miles 1997; Miles et al. 1986 ) for different gaze and reaching configurations; this response is known to be quickly elicited in the direction of sudden visual motion. Unlike the MFR, however, the OFR was not modulated by spatial mismatch of gaze and reaching, indicating that MFR modulation cannot be attributed to visual sensitivity changes in common visual motion processing. These results suggest a sophisticated coordination of manual movements in the hierarchical visuomotor control in the brain.
M E T H O D S

Setup and participants
Each participant sat in a darkened room in front of a small table as shown in Fig. 1A . The head was stabilized by a chin rest, which was adjusted to horizontally align the eyes with the center of the stimulus. A tangential screen, on which visual stimuli were back-projected by a data projector (NEC WT600; 60 Hz; mean luminance 36 cd/m 2 ), was located 47 cm from the eyes. Visual stimuli were generated by Matlab (MathWorks, Natick, MA) and Cogent Graphics (University College London, London, UK) on a Microsoft (Seattle, WA) Windows operating system. Two photodiodes (S1223-1; Hamamatsu Photonics, Shizuoka, Japan) were attached to the bottom left and bottom right corners of the screen to detect the actual start timing of the stimulus the signals of which were recorded at 2 kHz. A button switch connected to the computer's parallel port was placed on the table to detect the start of the arm movement for the initiation of visual motion. The position of the marker attached around the bottom of the index finger of the right hand (the wrist was immobilized by a simple cast) was recorded by an optical motion capture system (VICON MX13; Peak Performance Technologies) with a sampling frequency of 250 Hz. In the first experiment, the head and screen positions were also recorded in each experimental condition to confirm these spatial configurations.
Participants were right-handed and had normal or corrected-tonormal vision. Six, 10, 8, and 9 people participated in the first through fourth experiments, respectively. One author and one naïve subject participated in all experiments, and the other author only in the third experiment. Nobody except for the authors was familiar with the purpose of this study. None of the participants had any known history of neurological sensory or motor disorders. All gave informed consent to participate in the study, which was approved by the NTT Communication Science Laboratories Research Ethics Committee.
First experiment
Participants were asked to make an arm reaching movement from the button to the reaching target, which was a small piece of soft tissue (2 ϫ 2 cm). This touch target was located at [x, y, z] Participants were asked to move their hands from the button switch on the table to the touch target (a piece of soft tissue) placed just below the screen. The visor attached below the eyes occluded the arm movement space and touch target (under the shaded area in the figure) . B: the time course of the visual stimuli in a single trial. C: angle configurations (0, 20, 40, and 60°) of gaze and arm-reaching directions. The screen and participant's head were rotated at each angle counterclockwise to maintain the identical visual stimulus in all the configurations (see METHODS for details). vertical direction). Figure 1B illustrates the time course of the visual stimulus. Before every trial, the participant was instructed to touch the target to confirm its location. Then the participant pressed the button on the table with the index finger. This was followed by the presentation of a stationary random checker pattern (84 ϫ 68°, H ϫ V; checker size: 6.8 ϫ 6.8 cm) and a fixation marker (filled red circle, 2 cm diam) at the center of the visual stimulus. The fixation marker disappeared 0.8 s after the visual stimulus onset, and then four beeps were given at intervals of 400 ms. The participant was instructed to start reaching toward the touch target at the third beep and to touch it at the fourth beep while keeping his or her eyes on the remembered position of the fixation marker. Eye position was not measured to avoid participant fatigue, but the experimenter frequently instructed the participants to maintain fixation and visually checked that they did. Note that the target and the participant's hand were occluded from the participant's view by a visor throughout reaching as illustrated in Fig. 1A . Shortly after (mean: 58 ms) the start of reaching, in 2/3 of the trials (32/48), the checker pattern started to move either up-or downward at a constant speed (182°/s, 1.49 m/s 500 ms). In the remaining one-third of the trials (16/48), it was stationary.
Participants performed this task under four gaze-reaching conditions (0, 20, 40, and 60°), as shown in Fig. 1C . In the 0°condition, the head was oriented straight ahead along the y axis, and the screen was located in front of the participant (as in Fig. 1A ). In the 20-, 40-, and 60°conditions, the screen was rotated at each angle counterclockwise around the vertical axis of the head center used for the original (0°) condition, while the touch targets in all conditions were identical to that in the 0°condition. The participants rotated their heads as well to keep the same visual input on the retina (47 cm from the eyes to the screen as in the 0°condition). In these conditions, the participant produced the same arm-reaching movement toward the target located in front of the trunk, but the gaze direction was away from the reaching direction leftward without any changes in visual input. The orientations of the head and the screen were also monitored during the experiment. These rotation conditions were sequentially applied from 0 to 60°and then repeated in reversed order for each participant to avoid any trends associated with block order.
Second experiment
To determine the spatial relationships among gaze, reaching target, and visual motion locations that are essential for modulating the MFR, the second experiment was designed to test eight combinations of three factors: two gaze locations, two reaching-target locations, and two mask locations, as illustrated in Fig. 2A . Here a square gray mask (36 cd/m 2 ; 16 ϫ 16 cm) locally concealed the visual motion in an upper or lower area of the screen. This mask could be spatially coincident with the gaze, the reaching target, or both, depending on the levels of the reach and gaze factors in the three-way factorial design ( Fig. 2A) ; therefore the mask effectively changed the distance between visual motion and reaching target. While simply changing the position of a small patch of visual motion might seem to be an easier way to achieve the same manipulation, the overall MFR amplitude is greatly reduced for the small stimulus size. Therefore masking of specific portions of a large-field stimulus was preferred. When the mask had the same location as the gaze or reaching target, the distance from the gaze or reaching target to the visual motion stimulus was greater than when the mask was located elsewhere. This means that the mask location change corresponded to the inverse of the change in spatial distance between the marker and visual motion in previous studies (Durant and Johnston 2004; Whitney and Cavanagh 2000) . If the interaction between the reaching-target and mask locations significantly affects the MFR amplitude, then the spatial relationship between them becomes an important factor in MFR generation.
The experimental setup was same as in the first experiment ( Fig. 1A ) except for the reaching target, the size of the checker pattern (84 ϫ 59°), and directions (right-or leftward) of visual motion. Figure 2B illus-trates an example of the experimental configuration in which the participant was instructed to gaze at the lower marker and to reach toward the upper marker. Figure 2C shows the time sequence of the visual stimuli and the task in a single trial. The participant was instructed beforehand to fixate his or her eyes (the positions of which were not measured, but were visually checked by the experimenter) on one of two red markers (2 cm diam, placed at ϩ17 and Ϫ17 cm, 40°d istance in visual angle, in the vertical direction from the center of the checker pattern, [x, y, z] ϭ [0, 33, 29] cm from the button on the table) throughout a particular experimental set (144 trials), whereas the reaching target was indicated in every trial. First, the reaching-target instruction ("upper" or "lower" in random order) was shown on the screen in each trial. After the participant pressed the button on the table, the checker pattern and two markers were displayed as depicted in Fig. 2C . The mask concealed a part of the checker pattern around one of the markers (randomly selected). The two red markers were shown for 0.8 s and then eliminated. The participant was requested to initiate a reaching movement toward the remembered position of the instructed reaching target at the beeping sound. Soon after the start of reaching (detected by button release), the checker pattern moved rightward or leftward in 2/3 of the trials (96/144). Two experimental sets were conducted for each gaze location (the order was counterbalanced).
Note that even though the visor restricted the visual area (as in the 1st experiment) to occlude the arm during the initial phase (minimum: 0.1 s) of reaching movement, the late phase of arm movement was visible in the second experimental setup. However, considering that the visual motion initiating the MFR had already been given before the arm became visible in all conditions, it is unlikely that on-line visual feedback of arm movement affected the MFR modulation observed here. . Tasks and stimuli for examining impacts of the spatial interactions among gaze, reaching target, and mask concealing visual motion, on the manual following response (MFR) during reaching movements (experiment 2). A: illustrations of these 3 factors the locations of which themselves or the location interactions of which potentially affect the MFR amplitude. U and L, the upper and lower locations, respectively. B: sample configuration of task and stimulus (gaze: lower; reaching target: upper; mask: upper). C: the time course of the visual stimulus and task. Visual motion was applied shortly after (mean: 58 ms) the start of reaching detected by the button release.
Third experiment
This experiment was conducted to characterize the perceptual mislocalization using the same visual motion applied in the second MFR experiment. We changed the three factors, i.e., gaze, marker, and mask locations as shown in Fig. 3A . In the first session, the participants were instructed to always fixate their eyes (the positions of which were not measured) on the fixation point located at the upper side of the screen (U condition in Fig. 3A ). Visual markers (size: 1.5 ϫ 5 cm) were briefly shown (2 frame, 33 ms) twice at either an upper or lower location of the screen as shown by the filled gray rectangle in Fig. 3 , A, middle, and B. The first marker was briefly shown at 5.5 cm above (called the top marker) or 15.5 cm below (called the bottom marker) the fixation point (shown by ϩ in the figure) with a random shift leftor rightward (shift range: from Ϫ2.1 to 2.1 cm except for the range between Ϫ1.0 and 1.0 cm to prevent the use of the fixation point as a positional reference) during background visual motion (left-or rightward, duration: 0.5 s, speed: 182°/s, 149 m/s) or during the presence of static background. During this visual motion period, the fixation point was continuously shown on the screen. The second marker was displayed 0.75 s after the visual motion offset as shown in the time chart of Fig. 3C . It was placed at one of the nine locations ( Fig. 3B ), the horizontal distances of which from the first marker ranged from Ϫ3.2 to 3.2 cm. This temporal separation between the visual motion and the second marker was sufficient for the visual motion not to affect the perceived marker location (Whitney and Cavanagh 2000) . Note that when the second marker was displayed, the fixation point was not visible as illustrated in Fig. 3 , B and C, to prevent participants from using it as a positional reference.
As in the second MFR experiment, the gray mask (16 ϫ 16 cm), which occlude the visual motion of checker pattern (size: 84 ϫ 59°), was attached around the upper or lower side of the screen to cover the area for the markers. The order of all conditions (2 marker locations: upper and lower. Two mask locations: upper and lower. Nine second marker locations relative to the 1st one. Three visual motion condi-tions: rightward, leftward, and static.) was randomized in a session (1,080 trials; 10 trials for each stimulus condition). The participants were asked to indicate the location of the second marker relative to the first one in each trial using a two-alternative forced choice task (i.e., left or right).
In the second session, we conducted the experiment using the identical paradigm with upside-down visual stimuli for the lower fixation point. Therefore in the second session, the upper markers were presented to the peripheral retina and the lower markers were presented to the foveal (or parafoveal) retina, while these markers were presented to the foveal and peripheral retina in the first session, respectively.
The perceived locations of the second marker relative to the first one during three visual motion conditions (leftward, rightward, and static) were fitted using a psychometric function. Then the perceptual mislocalization caused by the background visual motion was characterized by the difference between the positions at chance levels (50%: point of subjective equality) obtained from the fitted psychometric functions for the left-and rightward visual motion conditions.
Fourth experiment
To determine whether the MFR gain modulation observed in the preceding experiments was due to sensitivity changes in the early visual motion analyses, we investigated whether the spatial relationship between the reaching target and gaze affects the OFR, which is also induced by visual motion with very short latency (Gellman et al. 1990; Kawano and Miles 1986; Miles 1997; Miles et al. 1986 ). We conducted an additional experiment in which we recorded eye movement. Participants performed the reaching task under two angle conditions, 0 and 50°(as depicted in Fig. 1C ). An experimental block consisted of 72 trials in which visual motion (checker pattern; stimulus size: 73 ϫ 61°; checker size: 4.5 ϫ 4.5 cm; motion velocity: 76°/s, 0.76 m/s) was applied upward (24 trials) or downward (24 trials) or remained static (24 trials) in shuffled order. Note that checker size and visual motion speed in this experiment were heuristically selected to clearly elicit both the OFR and the MFR. The angle condition was ordered as 0, 50, 50, 0, 0, 50, 50, and 0°to minimize the order effect in the two angle conditions. This was repeated twice (576 trials ϫ 2 sessions) to record arm and eye movements separately and thereby avoid interference between the recording systems for the eye and arm, both of which are equipped with infrared light sources. Right eye position was detected at 500 Hz by a video-based twodimensional eye-tracking system (EyeLink II, SR Research), and the eye velocity was obtained by three-point numerical differentiation after low-pass filtering (cutoff frequency: 30 Hz). To reduce the head movement due to arm reaching, a custom-made bite bar was used. Additionally, to avoid the effect of the small head-fluctuation caused by initiation of arm movement on the eye-position recording, the duration from the hand initiation to the onset of visual motion was longer in this experiment (170 ms) than in the first experiment (58 ms).
Data analysis
The hand position data were temporally aligned with respect to the measured onset of visual motion. The data were filtered (4th-order Butterworth low-pass filter with a cutoff of 30 Hz), and the velocity and acceleration patterns were calculated by three-and five-point numerical time differentiations of the filtered position data, respectively. We compared the acceleration patterns of the manual response induced by visual motion and those amplitudes along the z (in the 1st and 4th experiments) or x (in the 2nd experiment) axis because the direction of the manual response roughly coincides with that of visual motion (Gomi et al. 2006; Saijo et al. 2005) . We excluded 10% of correctly recorded trials in each condition to remove outliers by means of the root mean square of the acceleration pattern difference from the corresponding median pattern. The mean of acceleration patterns for A C B FIG. 3. Tasks and stimuli for examining spatial interactions among gaze, marker, and mask concealing visual motion in perceptual localization (experiment 3). A: illustrations of three factors. B: possible horizontal locations of 1st marker (Ϯ2.1 cm except Ϯ1.0 cm with respect to eye fixation point indicated by 'ϩ') and 2nd marker (9 locations between Ϯ3.2 cm). C: time course of the visual stimulus and task. In this condition, the gaze was directed at the upper (U) location, the mask concealing visual motion was placed at the upper (U) location, and the 1st and 2nd markers were shown around the lower (L) location. each visual stimulus condition was calculated, and then MFR amplitude was quantified based on the acceleration difference between the upward and downward visual motion conditions (experiments 1 and 4) or between the right-and leftward visual motion conditions (experiment 2), averaged over a period of 100 -200 ms.
We applied repeated-measures ANOVA in this study (1-way for experiment 1 and 3-way for experiments 2 and 3) to find statistically significant factors in MFR modulation.
To quantitatively capture the major factors affecting MFR modulation in the second experiment, we also applied a multiple regression analysis using the following equation
where A MFR is the MFR amplitude (averaged across all the participants) in the eight conditions and ␣, ␤, ␥, and denote the regression coefficients. This includes three dummy variables representing the spatial interactions among the gaze, the reaching target, and the mask: GT (gaze and reaching target), GM (gaze and mask), and TM (reaching target and mask) were 1 for the same location and were 0 for different locations in each pair. We calculated the goodness of fit, Akaike's information criterion (AIC) (Akaike 1973) , for the preceding full-term model and six other models consisting of partial terms
Visually evoked manual response modulated by gaze direction (experiment 1)
When the visual image on a frontal screen was suddenly moved up-or downward during reaching to a target just below the screen (Fig. 1) in the 0°condition of experiment 1, the hand trajectory on the vertical (y-z) plane slightly deviated in the direction of visual motion as shown in each panel of Fig. 4 (2 participants: P1 and P2). In each trajectory pattern, the left side is the start of movement and the right side is the end of movement. Even though the starts of trajectory deviations were statistically detected (filled triangles) for both participants, the degrees of deviation were evidently different, as shown in this figure.
The mean trajectories for P1 for the upward (black colored curve) and downward (gray colored curve) visual motions diverged at the filled triangle but again converged around the end of movement; this might have been caused by subsequent movement correction toward the original target position. This subsequent correction is reasonable because the responses induced by visual motion would be regarded as a disturbance in this specific experimental setup as mentioned in the INTRODUCTION. Because the subsequent correction movements were relatively weak in the P2 trajectories shown in the bottom panel, the endpoints for the visual motions in the opposite directions were significantly different (P Ͻ 0.001). A significant endpoint difference (P Ͻ 0.05) was observed for two of the six participants and a significant trajectory difference (P Ͻ 0.05) was observed for four of six participants.
Because the correction movements to the original target differed greatly among participants, possibly due to the degree of participant intent or automatic correction for accurate reaching, we could not evaluate the visual motion effect by the movement end position. Therefore we focused on the initial acceleration response induced by the visual motion, shown in the bottom right portion of each panel of Fig. 4 . Mean acceleration patterns (upward: black colored curve. downward: gray colored curve. stationary: dashed curve) started to deviate (open triangle) 124 and 152 ms after the onset of the visual motion for participants P1 and P2, respectively. Significant acceleration deviation (P Ͻ 0.05) was observed for all six participants.
To characterize the manual responses induced by the visual motion in different gaze direction conditions (Fig. 1C) , we calculated the difference between the mean hand acceleration patterns for the up-and downward visual motions in each gaze condition. Note that the configuration of arm reaching was kept constant over the conditions because the changes in multiple muscle activation patterns greatly affect the visually evoked manual response (Saijo et al. 2005) . Figure 5A shows the manual responses in two gaze direction conditions, 0 and 60°. Interestingly, when the directions of the gaze and screen were equally shifted 60°from the direction of the reaching target, MFR amplitude decreased, although the motion signals on the retina were identical in both conditions. Figure 5B compares the amplitudes of the responses (n ϭ 6) for all gaze conditions (0, 20, 40, and 60°), which were quantified by taking a temporal mean of the manual response between 100 and 200 ms (shaded area in Fig. 5A ). The MFR was greatest for the 0°condition, and the response amplitude significantly decreased with gaze direction deviation from the reaching target [ANOVA, F(3,5) ϭ 5.26, P ϭ 0.010].
While this response reduction may be due to the increased distance between the gaze and reaching target, it could equally reflect the increased distance between the visual motion and the reaching target because the screen was also shifted to provide the same visual stimulus on the retina. Resolving this ambiguity is important for functional interpretation of the MFR. If the MFR depends on spatial coincidence of the reaching target and visual background, then its modulation trend by the spatial relationship changes will resemble that of perceptual mislocalization (De Valois and De Valois 1991; Durant and Johnston 2004) . If, on the other hand, it does not depend on the spatial relationship between reaching target and visual background but only on the spatial coincidence of reaching target and gaze, then its modulation trend by the spatial relationship changes will be different from that of perceptual localization.
MFR modulated by gaze-target and gaze-motion separations but not by target-motion separation (experiment 2)
To examine these possible interpretations and extract the essential factor for the MFR modulation, in the next MFR experiment, we varied the locations of the gaze, reaching target, and gray-mask ( Fig. 2A) as described in METHODS. As explained, the mask was used to effectively change the spatial separation between the visual motion and reaching target. If the interaction between the reaching target and mask locations significantly affects the MFR amplitude, then we will know that the spatial relationship between visual motion and reaching target is an important factor in MFR generation. Figure 6 , left, shows the movement trajectories for two participants (P1 and P3) when the locations of both the gaze and the reaching target were spatially matched at the upper marker and the mask was placed at the lower marker. As shown in these spatial trajectory patterns, the trajectories of the two participants for the rightward (black colored curve) and leftward (gray colored curve) visual motions were clearly different. These trajectory deviations were much clearer than those in experiment 1 because the corresponding acceleration deviations (Fig. 6, right) were much larger than those shown in Fig. 4 . A significant endpoint difference (P Ͻ 0.05) was observed in 7 of 10 participants, and a significant acceleration difference (P Ͻ 0.05) was observed in all 10 participants.
As in the data analysis of experiment 1, we took the differences of hand accelerations for the visual motions in the opposite directions and compared these acceleration differences (MFRs) with different combinations of gaze, target, and mask locations. Each panel of Fig. 7A illustrates typical MFR temporal patterns during upper (solid curve) and lower (dashed curve) target reaching in one of the four gaze and mask location conditions (gaze: upper/lower, mask: upper/lower). When the participant gazed at the upper markers (top 2 panels), the MFR peaks for the upper reaching targets were greater than those for the lower ones, regardless of the mask location (i.e., regardless of the separation between the reaching target and visual motion). In contrast, when participants gazed at the lower fixation markers, the response peaks for the lower targets were greater than for the upper ones (bottom 2 panels). These tendencies were clearly observed in the means across participants (n ϭ 10), as shown in the Fig. 7B , left, and the interaction between gaze and reaching-target locations was significant [repeated-measures 3-way ANOVA F(1,9) ϭ 25.2, P Ͻ 0.001]. These results indicate the importance of gaze and reaching-target coincidence for MFR modulation.
In addition, the interaction between the gaze and mask locations was also significant [F(1,9) FIG. 6. Mean hand trajectories in the x-y plane (left) and corresponding x directional acceleration patterns (right) of 2 participants (P1 and P3) when the gaze and reaching target were placed at the upper marker and the mask was placed at the lower marker in experiment 2. Black and gray colored curves denote the trajectories when visual motions were applied right-and leftward, respectively. The notation is same as in Fig. 4 . The responses were calculated from the differences between the z directional hand acceleration patterns for the up-and downward stimuli in each angle condition. B: MFR amplitude modulation caused by the change of the gazereaching angle direction, averaged over participants (n ϭ 6). Error bars show the SE across participants. The amplitude was calculated by temporal averaging over a period from 100 to 200 ms (shaded time range in A) for each participant. The MFR amplitude was significantly (P ϭ 0.010) modulated by the distance between gaze and reaching. seen in Fig. 7B , middle, the MFR tended to decrease when the mask location was matched to the gaze location. In other words, masking around the foveal region was effective in modulating the MFR. However, the interaction between the reaching-target and mask locations (Fig. 7B, right) was not significant [F(1,9) ϭ 1.7, P ϭ 0.22], suggesting that the spatial relationship between the reaching target and visual motion is not very influential in the modulation of MFR. Furthermore, as shown in the supplementary materials (Fig. S1 ), 1 this lack of significance of the interaction between the reaching target and visual motion holds for the greater spatial separation given by a larger mask. The minimum distance between the target and nearest visual motion in this supplementary experiment was 2.1 times greater than that in experiment 2. This observation is in sharp contrast to the significant effect of the relationship between the marker and visual motion on perceptual mislocalization (Durant and Johnston 2004) . Additionally, none of the main effects of gaze, reaching target, and mask location changes on MFR modulation was significant [P Ͼ 0.1 for all effects. gaze: F(1,9) ϭ 2.3. reaching target : F(1,9) ϭ 2.7. mask: F(1,9) ϭ 0.8]. Moreover, the three-way interaction among the gaze, reaching-target, and mask locations was not significant [F(1,9) ϭ 0.4, P ϭ 0.55].
To estimate the quantitative contributions of the above spatial interactions to the MFR, we fitted the MFR amplitudes for all conditions using combinations of interactions. Among seven tested models (see Data analysis), a model having the terms of interactions between the gaze and reaching target and between the gaze and mask (i.e., A MFR ϭ ␣GT ϩ ␤GM ϩ ) was the best in terms of AIC (Akaike 1973) ; with this model, the MFR amplitudes were well reconstructed (R 2 ϭ 0.78), as shown in Fig. 7C . This indicates that the essential interaction terms were gaze target (GT) and gaze mask (GM) for MFR modulation, consistent with the ANOVA results described in the preceding text. The estimated coefficients for GT (␣ ϭ 192.2) and GM (␤ ϭ 58.9) suggest that 77% of the observed MFR modulation can be explained by the interaction between the gaze and reaching target and 23% by the interaction between the gaze and mask.
To focus on the spatial interaction effects between two of the factors among the three, we compared the MFR amplitudes in actual locations (i.e., upper or lower). As clearly shown in this figure, the two spatial relationships between gaze and reaching target and between the gaze and visual motion (mask) significantly modulated the MFR, but the spatial relationship between reaching target and mask did not.
Effect of visual motion on perceived position (experiment 3)
The trends of MFR modulation by spatial relationships among gaze, reaching target, and visual motion shown in experiment 2 is completely opposite to the previous observation of the modulation of effect of visual motion on perceptual judgments of location. Mislocalization of a stationary patch filled with moving Gabor was greater in the retinal periphery (De Valois and De Valois 1991) , and visual motion remotely affected the location of stationary objects (Whitney and Cavanagh 2000) . In contrast, MFR amplitude was reduced when the reaching target was placed in the peripheral retinal area even with the adjacent visual motion as shown in the preceding text.
To compare these modulation trends directly, we conducted an additional experiment to characterize the perceptual mislocalization using visual motion identical to that applied in the MFR experiment, as explained in METHODS (experiment 3). Two visual markers on the screen were intermittently presented to the foveal or the peripheral retinal region (see METHODS for details). The participants were asked to report the location (right or left) of the second marker relative to the first one (2-alternative forced choice).
The probabilities of perceived relative location (right or left) of the second marker shown at each of the nine locations were calculated for each visual motion condition (leftward, rightward, and static) and fitted by a psychometric function. Figure 8A shows an example of the probabilities and fitted functions when the background moved rightward (RV) and leftward (LV) or did not move (NV) in a condition with the upper gaze, upper mask, and lower marker. When markers were presented to the retinal periphery with surrounding visual motion (i.e., when the mask was located in the fovea), the perceived relative location was greatly affected: the psychometric function was significantly shifted in the direction of background visual motion due to the effect of visual motion on the first marker. Of the eight conditions, the mislocalization was greatest in this one (post hoc Scheffe test, P Ͻ 0.05 for all comparisons between this condition and the other 7 conditions). Figure 8B summarizes interaction effects among gaze, mask, and marker locations on perceptual mislocalization. As clearly seen in the left panel, the interactions between gaze and target [F(1,7) ϭ 36.4, P Ͻ 0.001] were completely opposite to those for the MFR: the perceptual mislocalization was smaller when the gaze and marker were close to each other than when they were separated, whereas the MFR was greater when gaze and target marker were spatially matched (Fig. 6B, left) . Additionally, the gaze and mask interaction of the perceptual mislocalization [F(1,7) ϭ 30.6, P Ͻ 0.001] was also clearly opposite to that of the MFR, as shown in Figs. 8B and 7B , middle. Furthermore, the marker and mask interaction was also statistically significant [F(1,7) ϭ 38.8, P Ͻ 0.001] for the perception (Fig. 8B, right) , whereas the spatial coincidence of the reaching target and mask (i.e., separation between the target marker and visual motion) did not affect the MFR as described in the preceding text. Note that main effect of mask location was significant [F(1,7) ϭ 13.7, P Ͻ 0.01], suggesting asymmetrical impacts of visual motion at the fovea and retinal periphery on mislocalization, whereas the other two main effects of gaze and marker locations were not significant.
To focus on the effect of spatial interaction on perceptual localization, we compared the mislocalization amplitudes for each pair of factors in Fig. 8C as was done for the MFR in Fig.  7D . In both figures, "match" () denotes the condition when each pair (indicated below the abscissa) among the gaze, target A: answer probabilities for the perceived location (right or left) of the 2nd marker relative to the 1st one at each of 9 predetermined locations (on the abscissa) for the 2nd marker relative to the 1st one. Top: the conditions of gaze, mask, and markers. -, psychometric function fitted for no visual motion (NV); · · · , rightward visual motion (RV); ---, leftward visual motion (LV). Each error bar denotes SE across participants. The intersections of the -· -with ---and · · · are the points of subjective equality (PSE), where the 2nd marker appears to the right or left of the 1st marker an equal number of times in the opposite visual motion conditions. B: perceptual mislocalization induced by visual motion characterized by the difference of PSEs between the right-and leftward visual motion conditions. Left: the interaction between marker and gaze locations. Middle: interaction between gaze and mask locations. Right: interaction between marker and mask locations. All interactions were statistically significant (P Ͻ 0.001) as described in the text. The error bar denotes the SE across participants. C: effect of each spatial interaction on mislocalization. , the mislocalization amplitude in the spatial match condition for the corresponding 2 factors denoted below the abscissa. e, mislocalization amplitude in spatial mismatch condition. The error bar denotes the SE across participants. **, statistical significance of repeated measures ANOVA with P Ͻ 0.01.
(or marker), and visual motion (the term visual motion was used as an opposite side of mask) was spatially matched, and "mismatch" (e) denotes the condition when that pair was spatially mismatched. Although we cannot directly compare the MFR and mislocalization amplitudes because of different measurement domains, the modulation trends in the spatial interactions of the MFR (Fig. 7D ) and of the perceptual mislocalization (Fig. 8C) were clearly different, as examined in the preceding text in detail. This result indicates that the spatial interaction mechanism for the MFR differ from that for the perceptual mislocalization.
OFR amplitude does not depend on distance between gaze and reaching-target locations (experiment 4)
It is possible that the MFR gain modulation observed in our experiments 1 and 2 could reflect attention-dependent changes in the early visual analyses. Actually, many studies (Gandhi et al. 1999; Haug et al. 1998; O'Craven et al. 1997; Treue and Martinez Trujillo 1999; Treue and Maunsell 1996; Watanabe et al. 1998) reported that attention modulates responses to visual motion in early visual processing stages.
Because the visual stimulus specificities of the MFR (latency, image contrast, and spatiotemporal tunings) are quite similar to those of the OFR (Gomi et al. 2006) , the early visual analysis for the MFR is likely to be shared with the OFR. The initial component of the OFR is primarily driven by first order (energy-based) visual motion Sheliga et al. 2005) and is less sensitive to changes in attention . Therefore possible attention change due to the dissociation between gaze and reaching is unlikely to affect MFR modulation.
However, as mentioned in METHODS, an additional possibility should be examined. Several studies reported (Inaba et al. 2007; Kawano and Miles 1986; Tabata et al. 2005; Takemura and Kawano 2006 ) that the OFR is modulated according to prior ocular behavior, motor anticipation, and ongoing movement. Therefore it would be valuable to determine whether visual motion analyses for the MFR and OFR are similarly affected by changes in the spatial coincidence of gaze and reaching. We thus replicated two conditions (0 and 50°) of experiment 1 to compare the MFR and OFR modulations. If neural sensitivity to the visual motion is modulated by the distance between the gaze and reaching target in the early and common visual processing stages for the MFR and OFR, then those response gains should be similarly altered. Figure 9A shows mean temporal patterns of the manual (left) and ocular (right) responses under the two angle conditions for a single participant. Each pattern was obtained by taking the difference between the upward and downward visual motion conditions. Although the peak of the manual response was greater in the 0°condition than in the 50°condition (left), no difference was found in the ocular response between the two gaze conditions (right). Mean amplitudes (with SE) of both responses across all participants (n ϭ 9) are shown in Fig. 9B . MFR amplitudes differed significantly [paired t-test, F(1,8) ϭ 14.7, P ϭ 0.005] between the two conditions, whereas OFR amplitudes did not [F(1,8) ϭ 0.017, P ϭ 0.898]. This suggests that the spatial coincidence of gaze and arm reaching does not affect the neural sensitivity in common early visual processing stages. Therefore deviation of gaze from the reaching target presumably reduces visual-motion sensitivity in the later stage of the visuomotor pathway specific to arm control.
D I S C U S S I O N
Our results highlight a striking feature of the spatial organization of implicit visuomotor control: the MFR amplitude is negatively related to the distance between the gaze and reaching target. This MFR modulation was observed not only for horizontal separation (experiment 2) but also for vertical separation (experiment 2). In addition, the MFR modulation demonstrated in experiment 1 suggests that the interaction between vision and motor spaces, rather than the interaction within the visual information, affects the regulation of reflexive visuomotor response. Furthermore, given that the MFR was greatly or almost completely suppressed during static posture control, as shown in Supplementary Fig. S2 , the MFR generation process appears to be specifically activated during arm movements. On the basis of our observations, we argue that visual interactions among gaze, target, and visual motion locations influence the perceptual localization and MFR as well as consider possible computational mechanisms and the functional meaning of MFR modulation.
Insignificant interaction between target and visual motion location in MFR modulation
If a visual interaction between the visual motion and reaching target was involved in producing the MFR, similar to the 9 . MFR and ocular following response (OFR) modulations caused by the spatial mismatch between gaze and arm reaching. A: mean temporal patterns of the manual (left) and ocular (right) responses under the 0°(-) and 50°(---) conditions. B: response amplitudes of the MFR (connected by -) and OFR (connected by ---) across participants (n ϭ 9) under the 2 rotation angle conditions, characterized by temporal averaging for the shaded time ranges in A. Each error bar denotes the standard error. The MFR amplitudes in the 2 angle conditions were significantly (P ϭ 0.005) different, whereas the OFR amplitudes were not. effect previously observed for perception (Brenner and Smeets 1997; Whitney and Cavanagh 2000) , the following three phenomena could be predicted. 1) The manual response would not be attenuated for reaching targets in the retinal periphery with a visual motion shown around the central retina (Whitney and Cavanagh 2000) .
2) The manual response would decrease with distance between the reaching-target and visual motion locations when the reaching target is shown at the same retinal eccentricity (Durant and Johnston 2004) .
3) The manual response would be greater for the reaching target presented to the retinal periphery with visual motion at the same retinal periphery, similar to the perceptual misalignment (De Valois and De Valois 1991) and to our experiment 3 in which the perceptual location of the marker was greatly shifted in the visual motion direction when it appeared close to the visual motion.
In contrast to prediction 1, however, we observed a significant MFR attenuation for the reaching target distant from gaze location (experiments 1 and 2). In addition, we did not find any significant effect of the interaction between the visual motion and reaching-target locations on the MFR modulation (experiment 2) even for the larger separation ( Supplementary Fig.  S1 ), which is inconsistent with prediction 2. Furthermore, the MFR attenuation caused by the gaze-target separation was not eliminated even when the visual motion was shown in the same visual periphery as the reaching target was presented (experiment 2). This observation does not agree with prediction 3. Comparison of Figs. 7D and 8C reveals that the modulation trend of the MFR was completely different from that of perceptual mislocalization even though the directional influence of visual motion was similar for MFR and perceptual mislocalization. These results suggest that the visual interaction observed for perceptual mislocalization is relatively nonessential in MFR modulation at least within the range of our experimental conditions. Instead different influences of spatial distances among gaze, reaching target, and visual motion locations on the MFR and on the perceptual mislocalization indicate an additional aspect of dissociation between action and perception (Bridgeman et al. 1981; Goodale et al. 1986) .
MFR modulation cannot be explained by a sensitivity change in the early visual motion analysis
It could be argued that the MFR modulation observed in this study reflects changes in visual motion processing linked to motor preparation. Visual motion sensitivity depends on several types of motor conditions: prior saccades Takemura and Kawano 2006) , motor anticipation (Tabata et al. 2005) , and smooth eye tracking (Inaba et al. 2007 ). If the sensitivity of visual motion analysis shared for rapid arm and eye controls was specifically affected by changes in the spatial coordination between the eyes and arm, both MFR and OFR amplitudes could be similarly modulated.
However, we showed in experiment 4 that the OFR was not attenuated by gaze-off reaching, whereas the MFR was. It is therefore unlikely that the sensitivity of the common part of visual motion processing was altered by the spatial coincidence of the gaze and reaching target. Instead the modulation of MFR amplitude observed in this study must occur at later visual or motor processing stages specific to arm control.
Functional impact of MFR on reaching movement
As mentioned in the INTRODUCTION, the MFR would be used to adjust the reaching when visual motion is given as a reafference of self-body motion. Quick initiation of adjustment would be critical for dynamic reaching conditions because the time to arrival at the target is limited. However, it may be asked whether the MFR is functionally important for adjustment of reaching because the trajectory and acceleration deviations in response to visual motion were so small, especially in experiment 1 (Fig. 4) . Three reasons may explain these small effects. First, in our experimental setup, the visual motion was repetitively supplied, independent of the body motion, to assess direct visual motion effects. Therefore the MFR amplitude could be reduced by gain modulation or adaptation during the experiments in contrast to the natural situation.
The second reason for the weakened MFR is a succeeding adjustment to arrive at the target as precisely as possible. As explained in the INTRODUCTION, in our experimental setup, the MFR induced by the visual motion disturbs the reaching movement because the body did not actually move; therefore the succeeding readjustment would reduce the deviation of the endpoint from the reaching target.
The third reason is specific to the setup of experiment 1. Even in the 0°condition in experiment 1, gaze and reaching target locations were already separated in the vertical direction (ϳ38°in visual angle) to occlude the arm from the participant's view. This setup was necessary to strictly keep the visual input constant in all angle conditions in experiment 1. Thus the MFR in the 0°condition was already reduced by the initial spatial mismatch between the gaze and reaching in the vertical direction, although horizontal separation additionally reduced the MFR amplitude as shown in Fig. 5B . In contrast, greater MFR was observed when the locations of both the gaze and the reaching target were spatially matched (Fig. 6 ). Such contrast also supports the idea that the spatial relationship between gaze and reaching is an essential factor in MFR modulation.
Functional meaning of the MFR modulation
We usually gaze at an object when we make a reaching movement toward it. Therefore a large MFR would be important for reach adjustment via quick generation of a manual response in the direction of the visual motion when the body moves. When gaze and reaching-target locations differ, the likelihood that the seen visual motion is relevant to reaching decreases, the MFR is then likely to hinder rather than assist accurate reaching. Therefore the reduction of MFR gain with increasing gaze-target separation shown in this study seems quite functional for interaction with the environment.
To produce the MFR modulation shown in experiments 1 and 2, spatial matching (or distance) between the gaze and reaching-target locations needs to be coded in the brain. Recent behavioral (Beurze et al. 2006; Henriques et al. 1998 ) and neurophysiological (Andersen et al. 1997; Batista et al. 1999; Medendorp et al. 2003 ) studies have suggested that visual targets for movement planning are represented in a gazecentered coordinate frame. The gaze-centered representation for motor planning could be shared for MFR modulation, even though the mechanisms of motor command generation for the MFR might be different from those of the motor planning.
MFR modulation by the spatial coincidence of the two intentional actions (gaze and reaching) suggests a sophisticated visuomotor coordination that would fill the gap between volitional (explicit) and automatic (implicit) visuomotor control. Further investigations are required to fully understand the neural and computational mechanisms of the space-dependent modulation of the quick visuomotor response. Specifically, it would be intriguing to assess whether this modulation of on-line control is closely related to space representations, which have so far mainly been examined for movement planning. 
